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Abstract

One major concern towards the performance and stability of halide perovskite-based
optoelectronic devices is the formation of metallic lead that promotes nonradiative
recombination of charge carriers. The origin of metallic lead formation is being disputed whether
it occurs during the perovskite synthesis or only after light, electron or X-ray beam irradiation, or
thermal annealing. Here we show that the quantity of metallic lead detected in perovskite
crystals depends on the concentration and composition of the precursor solution. Through a
controlled crystallization process, we grew black-colored mixed dimethylammonium
(DMA)/methylammonium (MA) lead tribromide crystals. The black color is suggested to be due
to the presence of small lead clusters. Despite the unexpected black coloring, the crystals show
higher crystallinity and less defect density with respect to the standard yellow-colored
DMA/MAPbBr3 crystals, as indicated by X-ray rocking curve and dark current measurements,

respectively. While the formation of metallic lead could still be induced by external factors, the
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precursor solution composition and concentration can facilitate the formation of metallic lead
during the crystallization process. Our results indicate that additional research is required to fully

understand the perovskite precursor solution chemistry.
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Introduction

Hybrid lead halide perovskites (APbX3: where A = methylammonium/formamidinium, X =
halogen ion) have demonstrated high potential as active layers in different optoelectronic
devices including solar cells! and light-emitting diodes (LEDs).? This is due to their exceptional
properties including high defect tolerance, high charge carrier diffusion length, and their tunable
bandgap. Nevertheless, lead halide perovskites do still suffer from some limitations. One major
concern is the formation of metallic lead, which acts as a recombination center limiting the
performance of solar cells*> and LEDs.®™® So far, it is still debated whether Pb(0) forms during
perovskite crystallization and growth, or only after light or X-ray irradiation, or thermal

annealing.?

Here we demonstrate the growth of unusual black-colored lead bromide-based

perovskite crystals. We found that the blackening happens under certain chemical conditions,



including excess PbBr; in the precursor solution, using mixed A-site cations, namely
methylammonium (MA) and dimethylammonium (DMA), and performing the crystallization
under ambient light. We propose that the black color is due to the formation of metallic lead.
Interestingly, the black-colored crystals of DMA/MAPbBr3 remain black and shiny upon cleaving,
however they turn yellow when they are ground into powder. The as-grown black-colored
crystals and their powders are of a higher crystalline quality compared to the standard yellow-
colored DMA/MAPbBr3 crystals and their powders, as indicated by X-ray rocking curve and
synchrotron X-ray powder diffraction (SXRPD) measurements. A crystallographic study by SXRPD
proved that the crystal structure of both samples is strongly similar. The higher quality of these
black-colored crystals with respect to the yellow-colored DMA/MAPbBr; crystals is further
confirmed by their lower defect density, as suggested by their lower dark current. 2°’Pb Solid-
state nuclear magnetic resonance revealed that the local Pb environment in the two samples
(yellow- and black-colored crystals) is different. Both photoluminescence measurements and
photodetector spectral response measurements indicate that the black coloring is not due to a
change in the perovskite bandgap, as the black-colored crystals emit and detect light in a very
similar wavelength range as the yellow-colored crystals. Our results indicate that the perovskite
precursor solution and crystallization conditions play a critical role in the formation of the

undesired metallic lead.

Experimental



Materials: N-methylformamide (NMF, 99.9%), N,N-dimethylformamide (DMF, 99.9%),
hydrobromic acid (HBr, 48 wt% in water), dichloromethane (DCM, 99.8%) and lead bromide

(PbBr2, 99%) were purchased and used as received from Sigma-Aldrich.

Mixed A-site cation crystal growth: mixed dimethylammonium/methylammonium lead
tribromide (DMA/MAPbBr3) crystals were grown from a 0.4 M PbBr; (for the yellow-colored
crystals) and 1.2 M (for the black-colored crystals) solution in a mixture of DMF, NMF, and HBr
(4.05:1.5:1 by volume). 1 mL of the respective precursor solutions was transferred in an 8 mL vial
and the entire setup was sealed with aluminum foil. This was subsequently inserted into a larger
40 mL vial that contains 7.5 mL of DCM. Piercing a hole in the aluminum foil allowed the
crystallization to begin due to the volatile DCM. All steps were performed at room temperature.
The crystals were collected after 3 to 4 days and wiped on a filter paper before they were dried

for a period of 24 h in a vacuum oven that was maintained at 40 °C.

Crystal characterization:

Liquid-state proton nuclear magnetic resonance: *H NMR spectrum was acquired at a
temperature of 300 K, using a Bruker Avance Il 400 MHz spectrometer, supplied with a Broad
Band Inverse probe. After the 90-degree excitation pulse optimization,® 16 transients were
collected without steady state scans. The acquisition time and the inter pulses delay were 4 and
50 s, respectively. The spectral width was 20.55 ppm with the offset at 6.18 ppm, and receiver
was fixed (64). An exponential function corresponding to 0.3 Hz was used to smooth the noise,

prior to the Fourier transform applied to the Free Induction Decay (FID). The spectrum was



manually phased, automatically baseline adjusted, and referred to the residual of non-

deuterated dimethyl sulfoxide (DMSO) signal set at 2.50 ppm.

Energy dispersive X-ray spectroscopy (EDS) was conducted using a JEOL JSM-7500FA SEM-
Analytical field-emission scanning electron microscopy (SEM) with an Oxford X-Max 80 system

that is equipped with an 80 mm?Z silicon drift detector (SDD).

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos
Axis UltraP® spectrometer, with a monochromatic Al Ka source (15 kV, 20 mA). The spectra were
taken on a 300 x 700 pm? area. Wide scans were collected with an energy step of 1 eV and a
constant pass energy of 160 eV, and the high-resolution spectra were acquired at an energy step
of 0.1 eV and a constant pass energy of 10 eV. The C 1s peak at 284.8 eV was used as a reference
to the binding energy scale. The spectra were analyzed using the CasaXPS software (version

2.3.24).

Electron paramagnetic resonance (EPR) measurements. Samples were prepared inside a
glovebox and then were loaded into a suprasil EPR quartz tube that was sealed with a tip-off
manifold. CW-EPR spectra were recorded at room temperature using a Varian spectrometer that
is coupled to a Bruker super-High Q cavity (ER4122SHQE) and a liquid helium flow cryostat.
Experimental parameters were modulation frequency: 100 kHz, microwave power 5 — 10 mW,

and modulation amplitude 5 Gauss.

Laboratory X-ray powder diffraction (LXRPD) was performed at room temperature using

a PANalytical Empyrean X-ray diffractometer on the as-grown crystals and on the ground crystals.



The X-ray diffractometer is equipped with a 1.8 kW Cu Ka ceramic X-ray tube and a PIXcel3D 2 x
2 area detector that operates at 45 kV and 40 mA. HighScore 4.1 software from PANanalytical**
was used to analyze the LXRPD data. A 0.013° step size and 0.013°/s scan speed were maintained

for all measurements.

X-ray rocking curves analysis was performed on a Rigaku SmartlLab diffractometer,
equipped with 9kW CuKa rotating anode, parallel mirror (PM), RxRy double tilt stage and SC-70

scintillation counter (OD detector).

Temperature-dependent synchrotron X-ray powder diffraction (SXRPD) was performed at
the Materials Science beamline of the Swiss Light Source,*? on sealed capillaries in transmission
geometry and using a cryostream nitrogen blower and Mythen Il detector. A 4 mm-wide beam

with a wavelength of 0.4923 A calibrated against an NIST Si standard (SRM-640d) was employed.

Micro-Raman spectroscopy measurements were carried out using Renishaw inVia
instrument, and 633 nm laser as excitation source (power < 1 mW to avoid damage of the
samples). In this way, we worked under non-resonant conditions to avoid signal contribution
from the photoluminescence of the samples. In the case of room-temperature measurements,
we used a 10x objective (0.25 N.A.) and collected data from 5-7 points for at least two crystals
synthetized in different batches. To perform temperature-dependent micro-Raman
measurements, we used a liquid N, cryostat (Linkam) mounted in the piezo XYZ stage of the
Raman instrument and an objective (20x, 0.40 NA, long working distance). We checked each

sample by collecting and analyzing Raman data from 5 different points.



Solid-state NMR (SSNMR) spectra were recorded using a Bruker Avance 11 400 Ultra Shield
instrument, which was operating at 400.23 MHz (*H nuclei), 100.63 MHz (*3C nuclei), and 83.73
MHz (2°Pb nuclei). Samples were placed into cylindrical zirconia rotors having a 4 mm outer
diameter and a volume of 80 uL. A certain amount of each sample was used to fill the rotor in
the case of ground powders, or were mixed with Kl (potassium iodide) in the case of crystals, to
ensure a proper filling of the rotor for achieving stability in its rotation.

13C CPMAS spectra were acquired using a spinning speed of 12 kHz, and a ramp cross-
polarization pulse sequence with a contact time of 3 ms, a 90° *H pulse of 3.60 us, and optimized
recycle delays between 80 and 92.5 s (equal to 5:T1). The number of scans was in the range of
900-2000, depending on the sample. A two-pulse phase modulation (TPPM) decoupling scheme
with a radiofrequency field of 69.4 kHz was used for every 3C CPMAS spectrum.

IH MAS spectra was acquired using a spinning speed of 12 kHz, and a 90° *H pulse of 3.60
us, a recycle delay of 1 s, for 1 transient, employing 67 Hz of spectral resolution.

207ph MAS spectra were acquired using 10 kHz spinning speed with the DEPTH sequence
(n/2—r—n) for the suppression of the probe background signal (2°’Pb 90° = 3.0 ps; relaxation delay
of 15 s; 2000—15000 scans).

The 13C chemical shift scale was calibrated by the methylenic signal of external standard
glycine (at 43.7 ppm with respect to TMS - tetramethylsilane); the 'H scale was calibrated through
using adamantane (‘H signal at 1.87 ppm with respect to TMS) as external standard; the 2°’Pb
scale was calibrated through the signal of Pb(NOs), (-3491 ppm with respect to Pb(CHs)4) as

external standard.



Absorbance measurements for the ground crystals and the as-grown crystals were
performed on a Cary 5000 spectrometer that is equipped with a diffuse reflectance accessory as

well as an integrating sphere for transmission measurements.

Micro-photoluminescence (u-PL) measurements were performed with a Renishaw inVia
1000 micro-Raman instrument using a 457 nm laser as excitation source and a 50x objective,
collecting the Raman signal in 5 points for each sample. For checking the reproducibility among
samples from different batches, we characterized at least three crystals and their corresponding

powders.

Temperature-dependent steady-state PL measurements were performed on a FLS920
fluorescence spectrometer (Edinburgh instruments) equipped with optical fibers to collect the PL
signal from the samples placed inside a closed-cycle helium cryostat (Advanced Research
Systems, Inc.). Note that, the samples were attached to a sapphire substrate (TedPella®) using
Ag paste. As an excitation source, a 445 nm continuous wave (CW) Oxxius laser in a reflecting
geometry (45° between excitation and emission) was used and PL spectra were collected every

10 K.

Electrical characterization was performed through depositing 60 nm Au contacts on
opposite sides of the crystals, using a shadow mask with 1 x 1 mm (length and width) apertures,
at a rate of 0.6 A/s (Kenosistec® e-beam evaporator with a cooling system for sample holder). For

spectral responsivity, a Xe lamp coupled to a Spectral Products CM110 monochromator was used.

Results and Discussion



Solvent acidolysis crystallization (SAC) was used to grow mme-sized crystals by modifying
the original recipe that we previously reported for MAPbX3,'31% MA,CuXs,'® and recently for the
typical yellow-colored mixed DMA/MAPbBr3 crystals.’® The SAC process depends on the in-situ
formation of the organic A-site cation through the acidolysis of the corresponding amide. For
instance, the in-situ formation of the MA cation is a result of the hydrolysis of N-
methylformamide in the presence of an acid. Here, we grew black-colored DMA/MAPbBr3
crystals (Figure 1) through controlling the PbBr, concentration. Our previously reported “Yellow”
DMA/MAPbBr; crystals were grown under low PbBr, concentration (0.4 M) (Figure 1a),%® while
the “Black” DMA/MAPbBrs; crystals in this work were synthesized under a higher PbBr;
concentration of 1.2 M (Figure 1b). Note that in both cases the growth conditions are considered
to be Br-rich due to the addition of HBr in the feed solution. The Black crystals grown from the
concentrated PbBr; solution were obtained regardless of the purity of the used PbBr; salt; both
98% and 99.999% PbBr; resulted in black-colored crystals. Other than the required high PbBr;
concentration (1.2 M), we observed that a 2.5:1 N,N-dimethylformamide (DMF):N-
methylformamide (NMF) ratio in the feed solution, similar to what we used to grow the Yellow
crystals, is another requirement to achieve fully black-colored three-dimensional (3D) perovskite
crystals. Using 1.2 M PbBr, in only DMF or only NMF formed the typical white non-perovskite
DMAPDbBr; and the orange perovskite MAPbBr3, respectively, without any black coloration. On
the other hand, a 5:1 DMF:NMF resulted in black-colored but mixed-phase crystals, and a 1.25:1
ratio led to the formation of orange-colored crystals with black cores. See Figure S1 in the
Supporting Information for laboratory XRD patterns and photographs of the crystals grown from

different DMF:NMF ratios. In addition to the PbBr; concentration and DMF:NMF ratio, we found
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that light plays a critical role in the black coloring. Performing the crystallization in a dark
environment, even by using the higher PbBr, concentration (1.2 M), did not lead to any
blackening (Figure 1c), hence suggesting a photo-induced chemical change. Moreover, the
crystals grown in dark maintained their original yellow color when exposed to light after their
growth. On tracking the crystallization process, we noticed that the Black crystals are initially

lighter in color and turn darker over time (3 or 4 days) as shown in Figures 1d-f.

Figure 1. Photographs of (a) DMA/MAPbBr; crystals grown using low PbBr, concentration (0.4
M), (b) DMA/MAPbBr3 crystals grown using high PbBr, concentration (1.2 M), (c) DMA/MAPbBr3
crystals grown using high PbBr, concentration (1.2 M) but in dark conditions after 4 days of
growth, and (d-f) DMA/MAPbBrs3 crystals grown using high PbBr, concentration (1.2 M) in

ambient light conditions, showing color evolution of the crystals: (d) 1 day, (e) 1.5-2 days, and (f)
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3-4 days. Note, photographs shown in Figure 1b and 1f are of crystals grown using high PbBr;

concentration (1.2 M) after 4 days of growth, after and before collection of crystals, respectively.

Next, we performed compositional analysis of the Black crystals grown from the 1.2 M
PbBr; solution while using the Yellow crystals grown from the 0.4 M PbBr; solution as our control
sample. The results are summarized in Table 1. Liquid-state proton nuclear magnetic resonance
(*H NMR) analysis (Figure S2 in the Supporting Information) indicated that the DMA% in the Black
crystals is very close to what we previously found in the Yellow crystals (around 44%).1 The Br/Pb
ratio, in both crystals, is maintained around 2.8, as determined from scanning electron
microscopy-energy dispersive X-ray spectroscopy (SEM-EDS). Halide perovskites are usually
reported as slightly halide-deficient, which could hint toward the formation of metallic lead.”*®
X-ray photoelectron spectroscopy (XPS) in Figure S3 (in the Supporting Information) showed that,
while there was an amount of metallic lead detected in both crystals, the Black crystals had a
higher percentage of Pb(0) (5.5% of the total Pb content — that is more than double what was
detected for the Yellow crystals) and it appears as a plausible source for the change in color. The
opaque and metallic appearance of MAPbBrs crystals has been previously reported to occur,
however, upon X-ray irradiation, and was similarly attributed to the formation of Pb(0).*®
Furthermore, the photoinduced formation of Pb(0) in the presence of excess PbX; was previously
demonstrated by different research groups.>2%-22 Surprisingly, our Black crystals were completely
soluble in DMF leaving no black residue, unlike in the case of FAPbBr3 crystals (FA =
formamidinium), in which Wei et al.?®> observed a small amount of black material within the
crystal that was collected upon the dissolution of the crystals in DMF and was identified as Pb(0)
by XRD. Nevertheless, we cannot exclude that in case of our Black crystals, the detected Pb(0)
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could be in the form of homogenously distributed tiny clusters that could influence the color of
the crystals while not being easily isolated or detected by XRD?* (i.e., the most intense diffraction
peak ascribable to the Pb(0) phase identified by Wei et al.?®> was absent in the diffraction pattern

of our Black crystals as described below).

Interestingly, when the Black crystals were cleaved, they still maintained a shiny black
color in their core (Figure S4a in the Supporting Information); however, we observed a change in
color from black to yellow upon grinding such Black crystals (Figure S4b). From XPS, we recorded
a reduction in the Pb(0) content as it dropped from 5.5% in the as-grown Black crystals to 1.2%
in the corresponding yellow-colored ground powders. As indicated in previous works, the photo-
induced Pb(0) can reconvert to perovskite by reacting with MAX from the perovskite bulk.>>2
Therefore, we ascribe the black coloring in the as-grown Black crystals to be due to Pb(0) that

can convert into perovskite upon grinding.

In general, it is proposed that light-induced Pb(0) formation is due to the degradation of
MAPbX;3 either directly into Pb(0) or into PbX; followed by its decomposition into Pb(0).2”22 The
formation of metallic lead in our Black crystals is possibly attributed to a combined MA and DMA
photocatalyzed reduction of Pb(ll) to Pb(0). This is corroborated not only by our results, in which
we observed that for a single organic compound (either MA or DMA) no blackening occurred, but
also by previously reported results suggesting that in the presence of MA only the reduction of
Pb(ll) to Pb(0) would be very slow.?° The first stage after the reduction of Pb(lIl) to Pb(0) involves
the formation of Pb(0) clusters with epitaxial relationship with the parent perovskite.?’ Such

Pb(0) clusters survive up to a critical size after which they will rearrange losing their epitaxial
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relationship with the surrounding perovskite. Furthermore, the growth of the Pb(0) clusters
beyond that size leads to the formation of voids within the perovskite structure, thus degrading
the parent perovskite. In our Black crystals, we propose that the formed Pb(0) clusters in the
black-colored crystals do not grow large enough to be isolated upon dissolution in DMF or to
degrade the crystallinity of the Black crystals. In fact, the crystallinity of the Black crystals was

found to be even higher than the Yellow crystals as described in next sections.

Table 1. Elemental composition of Yellow and Black crystals.

Ratio Yellow Crystal | Black Crystal
%DMA/(DMA+MA) (Liquid-state *H NMR) 44.0'° 43.8
Br/Pb (EDS) 2.8 2.8
%[Pb°]/[Pb]ror (XPS) 2.5 5.5

Other reported origins for color darkening in metal halide perovskites include the
formation of localized mid-bandgap states due to the presence of mixed valence cations3%3! or
to the formation of color centers such as Pb®",3? and the induced formation of mid-bandgap
defects related to disruption of the crystalline order3? or to strain.3* In our Black crystals, we
excluded all these origins through detailed characterization as we describe next. Firstly, our XPS
results indicate that the only difference between the Black and Yellow crystals is the increased
Pb(0) in the Black crystals as discussed above. In addition, it appears that the valence band
maxima (VBM) of the Black and Yellow crystals are both at 1.7 eV below the Fermi level (Figure

S5 in the Supporting Information). Furthermore, we performed electron paramagnetic resonance
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(EPR) measurements (not shown) and confirmed the absence of any EPR signal in the Black
crystals both at room temperature and at liquid helium temperatures. Therefore, the black color

cannot be due to the presence of mixed valence cations,3%3! and/or formation of color centers.3?

The laboratory X-ray powder diffraction (LXRPD) pattern of the as-grown Black crystals is
similar to the Yellow crystals pattern, and matches the cubic 3D perovskite structure with no
diffraction peaks belonging to the DMAPbBr; phase (Figure 2a). Zooming into the diffraction
patterns, however, shows that the Black crystals have peaks that are shifted to lower Bragg
angles compared to the Yellow crystals (Figure 2b). This cannot be explained by higher DMA
incorporation levels in the Black crystals, as both crystals have very similar DMA/MA ratios as
mentioned above. Instead, it could be attributed to the Yellow crystals being structurally
compressed, as we reported previously.'® When we carried out X-ray rocking curve (omega scan)
measurements (Figure 2c) on the as-grown crystals, we obtained a significantly narrowed full
width at half maximum (FWHM) of 0.014° in the case of the (004) peak for the Black crystals,
compared to 0.18° for the Yellow crystals, indicating that the Black ones have a much enhanced
crystallinity due to reduced density of dislocations and preferred orientation of crystallites.3>-38
This allows excluding color darkening to be a result of induced mid-bandgap defects due to
disruption of the crystalline order, as previously reported for Bi-doped MAPbBr; single
crystals.333% The LXRPD patterns of both as-grown Black crystals and their powders (yellow in
color) are identical in terms of peaks position (Figure S6a in the Supporting Information),

therefore we can exclude strain as a cause of the unexpected change in color.3
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Figure 2. (a) LXRPD patterns of Black and Yellow crystals and (b) corresponding zoomed-in (001)
peak of both crystals. (c) XRD rocking curve (Omega scan) of the (004) diffraction peaks of both

Black and Yellow crystals.

The higher crystallinity of the Black crystals compared to the Yellow ones was also
reflected in their powders when we carried out synchrotron X-ray powder diffraction (SXRPD)
measurements. We observed that the diffraction peaks in the powder patterns from the Black
crystals are about 5 times more intense compared to those in the powder patterns from the
Yellow crystals (Figure S6b). On the powdered crystals, we also carried out temperature-
dependent synchrotron XRD measurements and observed that the powders obtained from the
Black crystals behave very similarly to those obtained from the Yellow crystals.'® Both samples
undergo a cubic to tetragonal phase transition at ~205 K, and no orthorhombic phase is observed
down to 80 K (Table S1 in the Supporting Information). In the case of the powder obtained from
the Black crystals, the ab-initio structure solution process by SXRPD data gave very similar results
to those ones obtained by Yellow powders (i.e., no relevant changes in the perovskite crystal

structure was observed).
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We carried out further structural characterization to identify any possible differences
between the Black and Yellow crystals. Micro-Raman spectroscopy carried out at room
temperature shows that there are no significant differences in the organic cations (MA and DMA)
vibration modes in terms of peak position and linewidth when comparing the Black and Yellow
crystals, as well as in the Black crystals and their corresponding powders (Figure S7 in the
Supporting Information). Moreover, when comparing Raman spectra of the Black and Yellow
crystals with that of the pure MAPbBr; crystals, we confirmed the presence of the DMA cations
in the Black and Yellow crystals with the appearance of the bands corresponding to C-N-C
stretching, CHs rocking, and CHs bending modes of the DMA cation at 890, 1350 and 1461 cm?,
respectively.%*! Interestingly, the N-H asymmetric bending mode (NHs* in MA) is redshifted from
1589 cm™ for MAPbBr; to ~1580 cm™ in the mixed DMA/MAPbBr; crystals, demonstrating a
stronger Hn---Br bonding for the MA cation in the mixed crystals than in the crystals formed of
only MA (Figure S8 in the Supporting Information).’®4? In terms of phase transitions,
temperature-dependent micro-Raman measurements (Figures S9-11 in the Supporting
Information) confirm the absence of an orthorhombic phase in the Black crystals, similar to what
we reported in our previous work on the Yellow crystals,'® since most of the MA modes such as
C-H, N-H and C-N stretching and rocking modes show frequency and linewidth values comparable
with the tetragonal phase of MAPbBr3 down to 93 K (Table S2 in the Supporting Information).
Moreover, we observed a change in the molecular vibration modes at ~205 K, in accordance with

the cubic-to-tetragonal phase transition determined by XRD.

Through 2°7Pb MAS solid-state NMR (SSNMR), as shown in Figure 3a, we found that there

is a significant chemical shift difference (Ad = 47 ppm) in the Black crystals spectrum (6 = 552
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ppm) with respect to the Yellow crystals (6 = 505 ppm), suggesting that the local Pb environment
in the two samples is different. The 2°’Pb MAS SSNMR signal of the powders, obtained from
grinding the Black crystals, shifts closer to the values obtained for the Yellow crystals and their
powders. On the other hand, the *3C and 'H SSNMR signals are coincident for all samples, with
no significant shifts or significant change in their FWHM (Figure S12 in the Supporting

Information), in agreement with micro-Raman spectroscopy data.
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Figure 3. (a) 2°7Pb (83.73 MHz) MAS SSNMR spectra of the Black and Yellow crystals and their
respective powders, acquired at 10 kHz at room temperature. (b) Absorption of Black crystal in
transmission geometry and the band edge absorption profile for their powder calculated from
their diffuse reflectance spectra using the empirical Kubelka-Munk function®3#* (the fluctuation
in the spectra is due to a detector change) (c) Micro-photoluminescence spectra, measured with

a micro-Raman spectrometer (457 nm excitation — 2.71 eV), of Black crystal and its powders
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compared to Yellow crystal (d) Temperature-dependent PL spectra of the Black crystals using 445
nm (2.79 eV) excitation. Temperature-dependent evolution of (e) the peak position, and (f)

FWHM of the Black crystals.

Then we turned our attention to the investigation of the influence of the black coloring
and the presence of metallic lead on the optical properties of the Black crystals and their
powders. The Black crystals show absorbance extending to the near-IR (Figure 3b). Such sub-
bandgap absorption was previously attributed to metallic lead.?! On powdering the Black crystals,
in line with the disappearance of the black color, we observed loss of absorbance in the Vis-IR
region (600-1300 nm). Micro-photoluminescence (PL) measurements (Figure 3c) carried out at
room temperature showed that the emission from the powders of the Black crystals slightly red-
shifts from 518 + 3 nm for the as-grown Black crystals, to 523 + 3 nm in powders, approaching
the PL emission from the as-grown Yellow crystals 526 + 2 nm (Figure 3d). Note that we also
carried out infrared emission measurements on the as-grown Black crystals but did not detect
any emission. This indicates no changes in the perovskite bandgap in the Black crystals. Instead,
as suggested, the black coloring could be due to a small impurity that does not get integrated in

the perovskite structure, such as Pb(0).

We next performed temperature-dependent PL measurements on the as-grown Black
crystals (Figure 3d) and fit the peaks with a Voigt profile. Focusing on the emission maxima, the
crystals showed a sequential blue shift (Figure 3e) throughout the increasing temperature range,
in line with previous reports in literature, attributing such a shift to lattice thermal expansion and

stabilization of the VBM.**8 Temperature-dependent emission FWHM broadening has been
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used to define the dominant mechanisms of electron—phonon coupling, and in the case of
MAPbBr3; and FAPbBrs crystals the broadening was suggested to be due to Fréhlich interaction
with optical phonons.*® Interestingly, in the case of our Black crystals, the FWHM (Figure 3f)
ceases to increase above 180-200 K, as possibly an additional temperature-activated process is
reducing the electron-phonon coupling when approaching room temperature. Such behavior is

not observed in the powders obtained from the Black crystals.

Finally, we fabricated vertical metal/semiconductor/metal devices with gold (Au)
electrodes and studied their electrical performance. The photocurrent spectra (Figure 4a)
confirmed that the bandgap of the Black crystals is in the visible region, similar to what we
recorded from the p-PL measurements of the Black crystals (Figure 3c). Furthermore, the
photocurrent spectra of the Black crystal devices appear blue-shifted with respect to the ones of
the Yellow crystals, in line with the blue shift observed from p-PL. Once more, this highlights that
the black coloring is most likely not due to a change in the bandgap of the perovskite crystals.
Despite the higher metallic lead content, the higher crystalline quality of the Black crystals
compared to the Yellow ones was also confirmed from their lower dark current (Figure 4b),
indicating fewer defects, which is in agreement with their rocking curve measurements discussed
above (Figure 2c).14°9°1 Furthermore, we recorded suppressed hysteresis in the Black crystals

(Figure 4b), which indicates reduced ion migration.>?
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Figure 4. (a) Normalized spectral response of vertical metal/semiconductor/metal devices. (b) IV

curves under dark conditions for both Yellow and Black crystal devices.

Conclusions

We grew black-looking mixed DMA/MAPbBTr3 crystals which contained more than double
the Pb(0) detected in the typical yellow-colored DMA/MAPbBTr; crystals. Nevertheless, the Black
crystals are of a higher crystalline quality, as derived by X-ray rocking curve measurements.
Furthermore, the lower dark current measured in the case of the Black crystals compared to the
Yellow ones indicated fewer defects in the Black crystals. However, the apparent black color of
these Br-based crystals was not reflected in their PL and their spectral photocurrent response.
Instead, PL and photocurrent spectra matched what is expected from a material with a bandgap
of around 2.3-2.4 eV. This confirms that the black color is not related to a change in the lead
bromide perovskite bandgap, but due to the presence of a small amount of localized impurities,

which is likely represented by tiny lead clusters. Our results highlight the importance of
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understanding the halide perovskite precursor solution chemistry and reveals that the precursor
solution can facilitate the formation of metallic lead during the crystallization process. This is of
critical importance as in many cases halide perovskites for optoelectronic devices are deposited
from a DMF solution?>°3>4 that can result in unintentional incorporation of the DMA cations in
the perovskite material,>>>® which in the presence of the MA cations can facilitate the formation

of metallic lead as we demonstrate here.
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